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EXPLANATION OF TECHNICAL TERMS USED. 

Absolute temperature is measured from the absolute zero which 
is obtained by assuming that it is possible to continue the cooling of a 
perfect gas until its volume is diminished to nothing, following hereby 
the law of expansion of heat. The absolute zero is considered to be 
equal to 491.2 F. below the melting point of ice on the air thermo- 
meter, thus corresponding to 32° F. of the freezing point of the latter. 

Absolute pressure is measured from a perfect zero of pressure that 
is 14.7 lbs. below the atmospheric pressure, or as is mostly used 14.2 lbs. 
of a metric atmosphere, which was taken for the construction of the 
diagrams. 

Adiabatic curve as expressed by the equation PXV°= constant is 
obtained when the law of expansion of heat of a gas takes place with- 
out loss or addition of heat, i. e. at a constant temperature. The con- 
struct-ion of the indicate r diagram curves, as is shown, is merely a 
graphical representation of the equation PX V° = constant. 

Angular velocity is the angle through which any point of a body 
turns in a second, having a radius equal to unity =1, expressed in feet 
per second. 

Clearance space is the space left free, when the piston has reached 
its end position, between the piston and cylinder head in the cylinder 
proper and the passages and chambers of the inlet and exhaust valves. 
The clearance space is usually expressed in % of the total cylinder 
volume, or can be expressed of the piscon displacement only. 

Circumferential velocity is the speed of a point revolving on a 

radius equal r and with n revolutions per minute measured on the 

. , ^ 2XRX7rXn. 

circumference m feet per second ^=v ^^ — 

bU 

Crank radius is a term denoting the distance from the center line 
of the main shaft on the crank to the center of the crank pin. The 
diameter of the described circle is equal to the piston stroke. 

Crank angle is the inclination angle of the crank radius against the 
horizontal axis of the main shaft or the horizontal center line of the 
piston. 



Connecting rod angle is the inclination angle of the center line of 
connecting rod and horizontal axis of the piston at the crosshead end. 

Center of gravity of crank is the point about which, if the crank 
be suspended, it will be in perfect equilibrium, that is there will be no 
tendency of rotation. 

Center of gravity of connecting rod is the same point as defined 
for the crank. 

Division of gas engines is made first, according to the manner of 
work, four cycle or two cycle, single acting and double acting, and 
second, according to arrangements of the cylinders and the number 
of working cylinder ends : 

There can be (1) Single acting four cycle single cylinder engine, 

or, 



(2) '• " 






twin 


(2a) " " 






tandem 


(3) Double " 






single cylinder 


(4) " " 






twin 


(5) " " 






tandem 


(6) " " 






twin tandem 



n 
(i 



or, 



For two cycle engine the same division as for the four cycle is made. 

A four cycle engine is a term denoting that the period of work of 
an engine occurs every two revolutions or four strokes, i. e., the 
suction, compression, explosion and expansion and exhaust take 
place each during a full stroke. In a two cycle engine a period of 
work takes place during one revolution, or two strokes, working how- 
ever with the same principle as the four cycle, i. e. having the suction, 
compression, explosion and expansion and the exhaust. The main 
distinguishing mark between the two engines is the admission of the 
cylinder charge. 

Diagram is a term used to denote a graphical representation of a 
known variation of pressures or any quantities. 

Effective piston area is the net piston area exposed to the pressures 
occurring in the cylinder. 

Fluctuation or the degree ot regularity of the speed of an engine is 

the relation between the difference of the maximum and minimum speed 

u J • 11 A Vmax ~ Vmin 

to the average and is usually expressed - - 

Mechanical efficiency of an engine is a term denoting the relation 
of the actual effective work to the theoretical indicated, and is usually 
expressed as a coefficient given in % of the effective work of the en- 
gine. 
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Moment of inertia in a general way is expressed through the 
equation 1 = 2 (mr^ ), that is the moment of inertia of the weight or 
the mass of a body with respect to an axis is the algebraic sum of the 
products obtained by multiplying the weight or the mass of each ele- 
mentary particle by the square of the distances from its center of 
gravity to the axis. 

Mass of the body is obtained when its weight is divided by the 
coefficient of the acceleration due to gravity, equal to 32.1. 

Mean effective pressure, M. E. P., is the pressure which is obtained 
when the area of an effective indicator card (that is a card from which 
is deducted all the negative pressures) is transposed in a rectangular 
figure having the same length as the card and as well the same area, 
the height of such rectangle representing the pressures will be equal 
to the M. E. P. 

Maximum circumferential speed, a term as used for engine speeds, 
is the highest circumferential speed obtained owing to the non uni- 
formity of the engine speed, the minimum being the lowest. The 

I . . , . , ^ . Vmax + Vmin . . 
average velocity is obtained from the expression — — — ^ and is 

usually termed the engine speed. 

Piston pressures as generally termed is an expression denoting all 
pressures acting on the piston. In a gas engine such pressures will be 
the following : 

(a) Suction pressures, occuring owing to the difference between the 
atmospheric pressure and the pressure inside of the cylinder, 
since during the' suction period a communication of the cylinder 
space and the outside air takes place. 

(b) Compression pressures, originated after the communication with 
the outside air is shut off, the admitted charge being com- 
pressed. 

(c) Explosion pressure obtained through ignition of the compressed 
charge. 

(d) Expansion pressures obtained through expansion of the exploded 
charge. 

(e) Inertia pressures originated through acceleration of the masses 
of the reciprocating parts. 

The action of the above pressures may be seen from the diagram. 
Reciprocating parts of an engine are such parts, through which the 
reciprocating motion of the piston is transformed into a revolving 
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motion; they are composed of the piston, piston rod, crosshead and 
the connecting rod. 

Tangential crank eflFort is the net revolving energy of the engine, 
obtained as a result of action of the net resultant piston pressures act- 
ing tangential on the crank circle. 
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ENERGY AND VELOCITY DIAGRAMS OF GAS ENGINES. 

THEIR USE AND LAY OUT. 

The SO called piston pressure and tangential crank eflFort diagrams 
are a graphical representation of forces originated in the working cyl- 
inder of the engine and the manner in which they are transmitted 
through the reciprocating parts of the engine to the main shaft, during 
a period of time when one process or cycle takes place. 

From these diagrams it is possible in a simple manner to trace, step 
by step, the manner in which the variation of the forces occurs, how 
the masses, accelerated by the chosen speed of the engine, influence 
the above variation of the forces, and what results are obtained of 
these two actions at the point on the crankshaft where the energy is 
utilized for the purpose the engine is intended to serve. 

On the basis of similar investigations the right measures can then 
be easily taken, in order to assure the safety of the parts as to their 
stresses and to fulfill the requirements for steadiness of running of the 
engine as far as the regulation of the forces acting and the variation of 
speed are concerned, according to the demands of service for which the 
engine is to be used. 

For sream engines such measures were, on basis of similar diagrams, 
well worked out and adapted for any case. To a certain extent, there 
were even standards established, especially for such service of engines 
for which the requirements were of frequent occurrence and similar 
character. 

The gas engine, as is well known, is now successfully used for the 
same variety'of service as the steam engine, and since the first is work- 
ing on the same reciprocating principle as the latter, in a way the same 
fulfillment of requirements for the individual case of service has to be 
observed, as is the case with the steam engine. 

Owing, however, to the quite different principle of the utilization 
of the gas in- the gas engine, the results obtained from diagrams will be 
different, and, therefore, the measures to be taken will vary from those 
required for the steam engine. 
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The object of this work is to show how to lay out the diflFerent 
diagrams for gas engines and to illustrate how and what measures were 
taken to fulfill certain requirements of some engines actually built. 

The gas engines to be considered are : — 

(1) — 32"x42" twin tandem, double acting, four cycle engine, running 
at 107 on blast furnace gas, with a rated maximum capacity of 
1850 H. P. for each tandem engine, direct connected to a 1,000 
K. W. A. C. generator of the three phase, 25 cycle type, in- 
tended for parallel operation. 

(2) — 44" & 72"x54" twin tandem, double acting, four cycle, gas 
blowing engine, running on blast furnace gas, with a rated maxi- 
mum capacity of 3750 H. P. for each tandem engine, and with a 
possible speed variation of from 20 up to 90 R. P. M. 
The piston pressures and tangential crank effort diagrams can be 

divided into : — 

(a) — Pressure diagram, obtained merely from the action 6f gas in 

the working cylinder, as represented by the indicator card. 
b) — Resultant pressure diagram, obtained by deducting the pres- 
sures acting against the expansion pressure in the remaining 
cylinder ends. 

(c) — Inertia diagrams, showing the pressures originated by the speed 
of the engine through the acceleration of the reciprocating 
parts. 

(d) — Net effective piston pressure diagram, obtained by deducting 
from the resultant pressure those due to inertia. 

(e) — Effort diagram, showing the net effective piston pressure act- 
ing tangential on the crank circle. 

(f) — Velocity diagram, showing the variation of the circumferential 
speed of crank pin. 

The sequence in laying out the diagrams conveniently has to be 
done in a certain order, since each one bears a certain relation to the 
other and, with the exception of the inertia pressure diagram, cannot 
be constructed without previously ascertaining the preceding diagram. 

The design of the gas engine is usually made in such a way, that the 
engine, by making a few mmor changes, is able to run on either blast 
furnace, producer, or natural gases, only these three kinds of gases be- 
ing usually used for engines of larger sizes. In order to assure the re- 
quired degree of good service of the engine when running on one of 
the gases named, it is necessary to lay out diagrams for each of these 
cases. 
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CONSTRUCTION OF THE INDICATOR CARD. 

The pressures as represented by the indicator diagram serve as a 
base from which the method has to commence in laying out of the dia- 
grams and investigatiofts^ to be made. 

Usually a full load diagram is taken, and either a card taken from 
an engine, or, theoretically drawn, is used. In the latter case the dia- 
gram should, as near as possible, resemble the actual card. 

The four cycle diagram, as is well known, consists of the suction, 
compression, ignition and expansion, and exhaust periods, extending 
during two revolutions of the engine or four strokes. 

Suction. At the end of the exhaust period the suction will com- 
mence with a slight curve, which will quickly go over into the straight 
line. The suction ptessure is on an average about 1.5 lbs. below the 
atmospheric pressure and remains constant up to the end of the stroke, 
at which point the compression begitis ; it will therefore be represented 
by a straight line. Depending upon the kind of regulation of the en- 
gine, the suction pressure will vary slightly, though at full load of the 
engine it will be the same for any kind of gas. With light loads and 
especially with throttling regulation, the suction pressure changes 
greatly, and in some cases it may be found to be 8 to 10 lbs. below the 
atmospheric pressure. 

Compression. The compression for any kind of gas, is taken as 
following very near the adiabatic law, expressed by the equation 
p V° = Constant. Where, P= pressure, V = volume, and n = an 
exponent varying for different kinds of gas. 

The value of the quantity n, for gas engines depends upon the 
composition of the mixture, and the action of cylinder wall cooling. 
It varies from n = 1.15 up to n = 1.5. It is customary for the con- 
struction of the diagrams to take the average value for the exponent 
n--1.35, which will be but slightly in error. This value has often 
been found to give results approaching very near to the actual curvat- 
ure of compression as obtained from indicator cards. 

The maximum terminal compression pressure is influenced by the 
suction pressure, clearance space and the temperature of admitted and 
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compressed charge, and slightly also by the exponent n. In a general 
way, it may be said that a larger exponent n and higher temperatures 
will give higher terminal compression pressures and vice versa. 

Since the composition of the charge varies greatly for different 
kinds of gases and the temperatures also correspondingly change, the 
terminal compression pressures, therefore will also have another value 
for each kind of gas. The latter value in question may be found from 
the following formula : 



C 



(7)-— ^(TrKs)- 



Where : V"= total cylinder vol. (piston displacement + clearance space) . 
C=^ terminal compression pressure absolute. 
Ps ^= suction pressure. 
v= volume of clearance space. 
n^= exponent, as explained above. 
Tc= absolute temperature at end of compression. 
Ts = absolute temperature at end of suction. 

Good average values for the terminal compression pressures for the 
three different kinds of gas named previously, are given in Table 1, 
and also the clearance space necessary for each kind of gas. These 
values were verified from engines built. 

Table I. 

Kind of ff AS I TcrmlnAl compression pressure in I Clearance space in percentage 

• I lbs. above atmospheric pressure. I of total cylinder volume. 



Blast furnace 

Producer 

Natural 



170 
140 
100 



IS. 
17. 
21. 



Figure 1 shows a diagram by means of which by knowing either 
the terminal compression pressure, or the clearance space in percentage 
of the total cylinder volume,- the first or the second quantity can be 
conveniently read off. The curve is drawn as an adiabatic with the 
exponent n —1.35. 

Figures 2, 3 and 4 show the construction of compression curves on 
basis of values given above for blast furnace, producer and natural 
gases. The construction is made in a similar way in each case. Angle 
a can be taken of any size, however, the smaller it is chosen the more 
points will be obtained and the curve will be found more accurately. 
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By taking « = 15° good results are obtained. Angle fi depends upon 
the exponent n and angle <i and may be found from : 

l + tan.^ = (l+ tan.a)". When " = 15°, ^ will be found for 
the difierent values of the exponent n : 

,n^ 1.151 1.2 I 1.25 I 1.3 | 1.35 I 1.4 I 1.45 I 1.5 
=17''30'll8M5'| 19° 5' |l9°55'|20°45'|21°30'|22''25'|23°10' 
The procedure of the construction of the curves is then the follow- 
ing ; (see Fig. 2, blast furnace gas.) 



The end compression pressure is for this gas 170 lbs. above the at- 
mospheric line; this pressure will correspond, when using the diagram 
Fig. 1, to a clearance volume of 15% of the total cylinder volume, i.e. 
piston displacement per stroke + the volume of the clearance space, 
-9 - 



or 17.64% of the piston displacement only. The clearance space is to 

be first ascertained before commencing to draw the diagram. The 

scale for the stroke and pressures is then to be taken and it can be of 

any size. For the diagram Fig. 2 it was taken : for the stroke 5" and 

for pressures 1" = 60 lbs. The lineal value of the clearance space is 

then to be found, for the stroke of 5", for this case it will be : 5 X 

.1764 = .8725". In outlines the stroke and the cleiirance distance is 

to be drawn and the zero line assumed. From the latter, in scale of 

the pressures, the atmospheric line is to be drawn, in this case at a 

14.2 
distance of -^;~=.2367", horizontally. The suction pressure as a hori- 

bU 

zontal linc^tsto be drawn in, 1.5 lbs. = .025" below the atmospheric line. 

For the construction of the compression curve angle a is taken 15° 

and, with the average value of the exponent n , angle fi will be 




Fig. 3. Coastruetiom of ComprMnoa Curre*. Ga« Iniiicator CardU. 

= 20** 45'. From the intersection point of the zero line and the clear- 
ance line, point *'a", angle a is laid off downward and angle P upward, 
see Fig. 2. The intersection point **b'' of the vertical end stroke line 
and the suction line will be the first point of the curve. The con- 
struction commences from the pomt **c" an intersection point of the 
zero line, with the end stroke line. From this point *'c" at an in- 
clination of 45°, or any other angle (45° is more convenient to lay off) a 
line is drawn downward and prolonged until it bisects the side line of the 
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Fig. y. C«aatructiom of Compremon Curvcf. Gaa Indicator Cardf. 







Fig, 4. Coactructiom of CompreMion Currct. Gaa Indicator Card*. 



angle « at a point d*', from which a vertical line is drawn upward. From 
the intersection point of the suction line and the clearance line, point 
**e** another 45° inclined line is drawn upward and prolonged until it 
will bisect the vertical clearance line, point **f". Through this point **f" 
a horizontal line is drawn and prolonged until it will bisect the vertical 
line drawn from the point **d". The thus found intersection point **g*' 
will be the second point of the compression curve. By repeating the 
foregoing proceeding and as shown in Fig. 2, a number of points of 
the curve will be found and the curve can be drawn in. The curve, 
if carefully constructed, will bisect the end stroke line at such a height 

-11- 



which will represent the terminal compression pressure, in this case 170 
lbs., in ihe same scale as was taken for the pressures. 

The same method of construction is followed for compressions for 
the producer and natural gases, with the difference only that in each 
case the corresponding compression pressures and clearances were used. 

Ignition. The point at which the ignition takes place varies great- 
ly and cannot be found theoretically, it is more a matter of practical 
experience. Usually, provision is made for changing the point of igni- 
tion from about 37.7® before to 1° to 2° after the end of stroke. In 
general the ignition can be assumed as taking place at about 6 to 7% 
before end of stroke. 

Expansion. Depending upon a quicker or slower combustion of 
the mixture, the expansion will not commence from the end of the 
stroke, but more or less later. Indicator cards show that the expansion 
commences about 2 to 3% from the end of the stroke. 

The expansion curve also follows closely the adiabatic curve as ex- 
pressed by the equation PV° -- Constant, and with the exponent n de- 
pending upon the same condition in the engine as for the compression, 
and for the same reason as given for the latter curve, the value of the 
exponent n may be taken as ^^ 1.35 for the construction of the ex- 
pansion curves also. The same value should be used also for all three 
kinds of gases considered. 

The pressure at the beginning of expansion is influenced by the 
clearance space, compression pressure, temperature of the compressed 
and burning charge and by a quick or slow combustion; it cannot be 
theoretically computed with certainty. The following formula can 
serve to ascertain approximately the pressures at the beginning of ex- 
pansion : 

Pc Tp P 



Tc Pexh 

Tp 



(0 



PexhV'^ -Pvi» 



EXH 



Vvi/ \?exhJ 



n— 1 
n 



Where 



P = pressure at beginning of expansion ; 

Pc -— compression pressure ; 

Pexh - - exhaust pressure at end of expansion ; 

V =^ total cylinder volume ; 

vi —~ clearance space + space where expansion begins ; 

Tp-~ absolute temperature at beginning of expansion ; 

Tc - - absolute temperature at end of compression ; 

Texh - absolute temperature at beginning of exhaust ; 

n ^^ exponent, as explained previously. 
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As good average values of pressures at beginning of expansion for 
the three kinds of gases mentioned, for the construction of diagrams, 
may be considered : for blastfurnace gas: 375 lbs., for producer gas: 
350 lbs., and for natural gas: 310 lbs. 

Figures 5, 6 and 7, show the construction of the expansion curves 
on basis of the above values for the three kinds of gas. 

From the diagrams is to be seen that the proceeding is a similar 
one to that of the compression curves, with the only difference that 
the construction commences from the point of the beginning of the 
expansion. The latter point is taken as being 37© from the end of 
the stroke for blast furnace gas and producer, and 2%% for natural 
gas. 

Angle cL and P are taken the same as for the compression, since the 
same value for the exponent n is used, i. e. -- 1.35. The construction 
may be easily followed from the diagrams. 

Exhaust. The exhaust begins in most cases at about 12% before 
end of stroke. At this point the exhaust pressures can be found from 
the diagrams, or approximately found from formula given for the high- 
est expansion pressures. Since the exhaust valve commences to open 
gradually, the exhaust pressure will also drop gradually from 40 to 50 
lbs. at the beginning to 1.5 lbs. at the end. Depending upon the 
speed allowed to pass through the valve and the manner of operation 
of the latter, the pressure of 1.5 lbs. will be attained at a point about 
10 to \S% from the beginning of the next stroke, and it will remain 
constant to the end, representing a straight line. The curve showing 
the variation of exhaust pressure at its beginning until it remains con- 
stant, cannot be ascertained by computation, it is approximately shown 
in proportion freehand. , >» 

Figures 8, 9 and 10 show indicator cards found by bringing together 
the different curves, drawn as previously explained, and rounding the 
sharp corners. The scales for pressures and stroke were retained the 
same for all constructions of the curves, and by means of a piece of 
tracing paper the different curves were conveniently brought into one 
diagram. 

The mean effective pressures which each of the drawn indicator 
diagrams give are very near the average values which in practical de- 
signing of gas engines are taken as basis. 

For the gas blowing engine, previously mentioned, 44''x54", the 
maximum rated capacity of each tandem engine was given as = 3750 
H. P. By taking an average speed of piston = 750 feet per minute, 
the mean effective pressure will be found to be, when the effective 
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Gaf ladioator Diagram. 
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Gaa Indicator Diagram. 
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piston area -~ 1416 sq. in. and assuming the mechanical efficiency to 

be 85% , M. E. P. - ^cn^^^^?^ -- 68.5 lbs. 

750X141D.D 

The theoretically drawn card a M. E. P. = 67.8 lbs. per sq. in. 

The producer and natural cards are as near to those of practical 

cards as is proven for blast furnace gas. 

i ■ ■ 




Ga« Imdicator Diagram. 
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INERTIA DIAGRAM. 



The inertia pressures for any crank angle may be found from the 
approximate formula: 



W V 

P = — X 

g 



— I cos a ± — COS da I, 

r V L / 



Where P — inertia pressures 

W = weight of reciprocating parts (unbalanced), 

V "^ circumferential crank pin velocity, 

r= crank radius, 

a =^ crank angle, 

L = length of connecting rod. 

The positive sign is for inner, and the negative sign is for outer 
strokes. 

The weight of the reciprocating parts is composed of, for a tandem 
engine. 

Weight of two pistons, including cooling water; 
piston rods; 
crosshead; 
connecting rod; 

piston rod coupling and internal guide head; 
piston tail rod, rear end guide head; 
parts attached to piston rod coupling, crosshead and 

rear guide head. 

The crank is usually provided with a counterweight for purposes 
of balancing, in most cases made in one piece with the crank. The 
counterweight, after reducing it to the crank radius, must be deducted 
from the weight of connecting rod, and the remaining portion added 
to the total weight of reciprocating parts. 

Table 2 gives figured weights of reciprocating parts for some sizes 
of engines built and in addition data necessary for ascertaining of the 
inertia pressure. The weights given are for tandem engines. 

-20- 



Table 2. 



// r\r\t r 



32'x42" 24x"32 



Size of engine 44 x54 

Weight of reciprocating parts with- 
out connecting rod ... 39150 lbs. 16330 lbs. 8110 lbs. 

Weight of connecting rod ....... . 13250 lbs, 5250 lbs. 2350 lbs. 

Weight of crank and pin without 

counter-weight 24400 lbs. 10450 lbs. 4600 lbs. 

Center of gravity of crank 11.2" 

Length of connecting rod ........ 135" 

Effective piston area sq. in 1416.6 

R. P. M. of engine 20-90 

for the inertia pressures are given in table 3 for each advancing 10° of 

crank angle and 

R 1 



6.2" 
105" 
740.6 
105 



) 



7.2" 
80" 
413.7 
150 

in the formula 



Table 3 





FORWARD 


STROKE 


BACKWARD STROKE 






1 






m 


I 




0° cos 


» + 




COS 


2 a— 1.2 


0° cos o 


—cos 2 


!a .800 






5 




• 


5 




10° 




({ 




1.1728 


10° 




= .7969' 


20° 




(( 




-1.093 


20° 




.7865 


30° 




(( 




.966 


30° 




.766 


40° 




(( 




.801 


40° 




.7313 


50° 




l( 




.608 


50° 




.6775 


60° 




<( 




.400 


60° 




— .600 


70° 




<( 




.188 


70° 




.4952 


80° 




<l 




.0143 


80° 




.3616 


90° 




a 




.200 


90° 




- .200 


100° 




(< 




.3616 


100° 




.0143 


110° 




(1 




.4952 


110° 




.188 


120° 




<< 




.600 


120° 




— .400 


130° 




<( 




.6775 


130° 




— .608 


140° 




<( 




- .7313 


140° 




.801 


150° 




n 




- .766 


150° 




.966 


160° 




(( 




.7865 


160° 




1.093 


170° 




<< 




- .7969 


170° 




1.1728 


180° 




<( 




.800 


180° 




1.200 


The values for the 


backward stroke 


are the same 


:, but 


reversed as 


given in 


table 


3. 
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Diagrams for the 32"x42" Gas Engine. 



For this engine the inertia pressures will be found to be, when using 
data given in table 2: 

Weight of reciprocating parts without connecting rod -~ 16330 lbs. 
Weight of crank with counter weight reduced to crank radius 

10440 X 6.2 



will be with reference to Fig. 11 
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3080 lbs. 



v\^\\. 




Deducting this weight from that of the connecting rod, an unbalanced 
portion will remain: 5250 — 3080 2170 lbs., which has to be added 
to the other weight of fhe reciprocating parts. 

The total weight will thus be : 16330 + 2170 = 18500 lbs. 

18500 
The above weight per sq. in. of effective piston area = 25 lbs. 



The circumferential crank pin velocity is 



740.6 

2 >; r X 'H- X N 
60 



ft. per sec. 

y 2X3214X1.75X107 

60 



19.6 ft. per. sec. 



Substituting the found values in the equation for the inertia pressure, 
we obtain : 

P- — X— I cos a ± — C0s2aV -^4 X ^'^^ 



g r 



( 






32 



( 



.9.6^ f ^1 , \ 

) 



By using values given in table 3 for | cos « =L — cos 2 « 

5 



the inertia pressure due to acceleration of the reciprocating parts for 
the 32" X 42" engine, will be : 
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Table 4. 






a 0° P 206 


X 100° P -69.0 


" — 10° 


' 201.8 


' 110° ; 


' ---85.0 


" 20° 


' - 187.8 


' 120° 


' -102.8 


•' - 30° 


' 165.6 


' 130° 


' -116.2 


" 40° 


' - 137.2 


' - 140° 


' - -125.2 


'• 50° 


' 104.2 


' 150° 


' -131.2 


" - 60° 


' 68.6 


' 160° 


' =-130.2 


" 70° 


' — 32.2 


' 170° 


' --136.2 


" — 80° 


' 2.45 


' 180° 


' - -137.0 


" - 90° 


' 34.3 







The values in table 4 are for the forward stroke. For backward 
strpke they are the same but reversed, i. e. 180° of forward stroke = 
0° of backward 170° of forward = 10° of backward, etc. 

It was previously mentioned that the inertia pressures as found by 
using the formula given above, will be approximate. The approxima- 
tion is, aside from using the average crank pin velocity for each 
crank angle, the leaving out of consideration of the, swinging motion 
of the connecting rod and assuming it to be as a reciprocating motion. 
Although for smaller engines with comparatively light connecting rods 
the influence of the swinging motion is not large, for larger engines, 
however, it would not be well, to neglect it, especially in such cases 
where a careful proceeding is essential. 

The following formula, derived first by Mr. H. Lorenz, takes into 
consideration the swinging motion, and in practice gives good results : 



( 



( 



T=r| (P+G)= G 



(P+G) 



r^e^ 



gL4 



4gL' 



Where : 




( 



2g 



L2 2g 



sin« H — 
4 



) 



) 



sin 2tt 



(P+G)— G,- |sin3a 



) 



L 



T= tangential crank efforts due to inertia of reciprocating parts 

r == crank radius 

P= weight of reciprocating parts without connecting rod. 

e == angular velocity of crank pin 

G= weight of connecting rod 

L= length of connecting rod 

k = radius of gyration of connecting rod 

s = center of gravity of connecting rod 

W=weight of crank with counter-weight and pin 

s'= center of gravity of crank 

a = crank angle 
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The use of this formula is not so complicated as it appears at first 
sight. By solving at first each factor of a and taking the values per 
sq. in. of the effective piston area, a final simple form will be obtained. 
Table 5 gives the trigonometrical values of a conveniently arranged, 
to be used in the computation. The values must be found for both 
strokes, forward and backward, since the values for the latter differ 
from those of the forward stroke, especially at its beginning. 



Table 5. 



Forward Stroke 



Backward Stroke 



a=0 

0' 

10° 

20° 

30° 

40° 

50° 

60° 

70° 

80° 

90° 

100° 

110° 

120° 

130° 

140° 

150° 

160° 

170° 

180° 



sin « 


sin 2a 


sin 3a 
.000 


.000 


.000 


.1736 


.342 


.500 


.342 


.643 


.866 


.500 


.866 


1.00 


.643 


.9848 


.866 


.766 


.9848 


.500 


.866 


.866 


.000 


.9397 


.643 


-.500 


.9848 


.342 


-.866 


1.000 


.000 


-1.000 


.9848 


-.342 


-.866 


.9397 


-.643 


-.500 


.866 


-.866 


.00 


.766 


-.9848 


.500 


.643 


-.9848 


.866 


.500 


-.866 


1.000 


.342 


-.643 


.866 


.1736 


-.342 


.500 


.000 


-.000 


.000 



cos a 
1.00 

.9848 
.9397 
.866 
.766 
.643 
.500 
.342 
.1736 
.000 
-.1736 
-.342 
-.500 
-.643 
-.766 
-.866 
-.9397 
-.9848 
-1.000 



190° 
200° 
210° 
220° 
230° 
540° 
250° 
260° 
270° 
280° 
290° 
300° 
310° 
320° 
330° 
340° 
350° 
360° 



Sm a 



-.1736 

-.342 

-.500 

-.643 

-.766 

-.866 

-9397 

-.9848 

-1.000 

-.9848 

-.9397 

-.866 

-.766 

-.643 

-.500 

-.342 

-.1736 

.000 



sin 2a 



.342 
.643 
.866 
.9848 
.9848 
.866 
.643 
.342 
.000 
-.342 
-.643 
-.866 
-.9848 
-.9848 
-.866 
-.643 
-.342 
.000 



sin 3a 



-.500 

-.866 

-1.00 

-.886 

-.500 

.000 

.500 

.866 

.100 

.866 

.500 

.000 

-.500 

.866 

•1.00 

.866 

.500 

.000 



cos a 

« 

-.9848 
-.9397 
-.866 
-.766 
-.643 
-.500 
-.343 
-.1736 
-.000 
.1736 
.346 
.500 
.643 
.766 
.866 
.9397 
.9848 
1.000 



The results obtained are tangential crank efforts due to inertia of 
the reciprocating parts. The inertia pressures can be found by means 

sin (a-f /8) 



of the following formula : T = P 



cos 



/8 



Where : 



T==tangential crank efforts 

P =^piston pressures due to inertia of reciprocating parts 

a =crank angle 

i8=connecting rod angle at crosshead point 

Table 6 gives the values for — ^ — for each advancing 10° 



of 



cos 



crank angle. 
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Table 6. 






a - 0° 


sin {a+P) 
cos P 




.000 


a —100° 


sin (a+/3) 
cos P 


.950 


" - 10° 







.206 


" 110° 




-- .874 


" 20° 






.405 


" - 120° 




.779 


" 30° 






.585 


" 130° 




- .666 


" 40° 







.740 


" 140° 




- .542 


" 50° 






.865 


" - 150° 




.413 


" 60° 






.953 


"-160° 




- .277 


" 70° 






1.005 


" 170° 




.139 


" 80° 






1.02 


" 180° 




-- .000 


" 90° 







1.000 









The values are the same for inner and outer strokes. 




ffni It ^t nMBTli 
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The difference between the tangential crank effort due to inertia 
of reciprocating parts as found by the two formulas given above, is 
shown in the diagrams Figures 12 and 13. Thcf curves drawn in full 
lines sre those without considering the swinging motion of the connect- 
ing rod, and the curves drawn in dotted litres are those in which the 
swinging motion of the connecting rod is considered. A^ will be seen 
in the latter case at the €nd of the stroke the tangential effort is not=0 
but owing to the swinging motion there is still an effort, and in general 
in the latter case, the curves show higher values. The diagrams are 
laid out for the 44 'x54" engine. 
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CONSTRUCTION OF PRESSURE DIAGRAM. 

Before beginning with construction of the pressure diagrams it is 
necessary to be clear about the manner in which each period of the 
four cycles takes place in the four working ends of the cylinders. Fig. 
l4 shows the usual method of work in a double acting tandem engine. 
As may be seen, beginning with the back end of No. II. cylinder in 
each succeeding stroke an explosion occurs, against which in each case 
are the pressures of the suction, compression and exhaust. The vari- 
ation of pressure during each stroke will, therefore, be the same. 
Owing, however, to the different action of the inertia pressures in 
forward and backward strokes, the resultant pressures will be different 
in each of those, and the lay out of diagrams must therefore be ex- 
tended over a full revolution. 

Figs. 15, 16 and 17 show piston pressure diagrams for blast furnace, 
producer and natural gases for the 32"x 42" tandem engine. 

The method of the construction of the different pressure curves is 
exactly the same in each case, and we will therefore describe the 
method for blast furnace gas only, and later discuss the results obtained 
for the three cases together. 

The scale for the stroke of Fig. 16, and pressure, is taken the same 
as that for the indicator diagrams. The divisions of the stroke at 
which points the different values of the curves are to be found, can be 
made of any number. For finding the inertia pressure a division for 
each 10° of the crank circle was assumed. The corresponding posi- 
tions of piston were found by striking arcs with radii equal to connecting 
rod length, from the points of division on the crank circle on the center 
line of piston. The intersections will be the corresponding piston 
positions. From the latter points ordinates are erected on which the 
pressures are laid off from the center line of piston, which is assumed 
to be the zero line. 

By means of a piece of tracing paper or other method, the different 
curves of the indicator cards are then retraced and brought into the 
diagram in such a manner, that each cycle is placed in the right stroke 
following the method of work shown in Fig. 14. Owing to the dif- 
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ference in length of piston paths for a certain crank angle in inner and 
outer strokes, the different curves must be drawn in the diagrams in 
such a way that the pressures at any piston position for both strokes 
should be the same. This will cause the indicator cards to appear 
somewhat different in inner and outer strokes. 




Metkod of Work of Tandem D. A. Engine 



The resultant piston pressures, curves No. 6, are obtained by de- 
ducting from the expansion pressure all those which act against it. 

The loss due to friction should also be considered. It is usually 
taken to be about 3 or 4 lbs. per sq. in. of effective piston area. 
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Thus, as negative pressures are to be considered: suction, compres- 
sion, exhaust and the loss due to friction. The resultant piston 
pressure as represented by curve 6, will be the same for both strokes. 

The construction of the inertia curve 7 is made on the basis of 
values given in table 4 and previously found. For the inner strolce the 
positive values were carried below and the negative values above the 
zero line. For the outer stroke the curve 7 is drawn reversed. 



The net resultant piston pressures curves 8, aie obtained by alge- 
braic combination of the ordinates of the curves 6 and 7. 

The curves 8 in the diagrams, Figs. 15, 16 and 17, show the varia- 
tion of forces which represent the effective work in the engine. They 
are in each case different for the inner and outer strokes. We sec, 
that at the beginning of each stroke, the forces are negative and that 
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for the outer stroke they have the greater variation, being even near 
the middle of stroke of negative value. It is easily to be seen that 
the inertia pressures of the reciprocating parts influence greatly the 
variation of the forces and consume for their acceleration at the be- 
ginniog of the stroke large forces, which even the high pressures of the 



12.43 DA. Tiadim Gii Ealiu. 



expansion at this point, are not sufficient to overcome, and an outside 
source has to be provided, the latter being the rotary inertia of the 
flywheel. At the end of the stroke again the acceleration forces are 
still so high that after overcoming the resistance of compression and 
other pressures acting against them, they still retain comparatively high 
-30- 



forces which have to be nuUified again by the rotary inertia of the fly- 
wheel. The latter has also to help out at such points where the re- 
sultant pressures are negative. 

At such point of the stroke where the net resultant pressures cross 
the zero hne going into positive or negative values, a change in direc- 
tion of forces acting in the connecting rod, i. e., from tension to com- 



na^|»lT^<itWTO■SJ»^&TA^^ 



pression will take place, which will cause a shock in the connecting 
rod. This shock will be more or less severe depending upon the in- 
clination of the curve when crossing the zero line, and the clearance 
existing between the shells and pins at the crosshead and crank ends of 
the connecting rod. By choosing a too high engine speed a consid- 
erable hammering may take place, with the result that the shells are 
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liable to wear rapidly and break, or the crank pin run hot. Aside from 
this a heavier flywheel will also be required. 

Comparing the results found from the diagrams for the three dif- 
ferent gases, we see that the speed chosen is best for the engine for 
blast furnace gas, is not so good for producer gas and is still worse for 
natural gas. For the latter gas, it seems in consideration of the above, 
that a reduction of speed of the engine would be desirable. 
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CONSTRUCTION OF TANGENTIAL EFFORT DIAGRAM. 

It was previously explained that the tangential crank effort diagrams 
show the forces acting tangential on the crank circle and their variation. 

Since the net resultant piston pressures are transmitted to the 
crank shaft not directly, but through the piston rod to the connecting 
rod and from the latter to the crank, the full forces of piston pressures 
will not act as revolving efforts on the crank circle. Owing to the 
variable inclination of the connecting rod during a revolution, there 
will be a part of the forces lost, at first, at the crosshead point, which 
will act on the crosshead guide, and secondly, a part at the crank pin, 
where it will act through the crank on the main bearing. 

This division of the net resultant piston pressures can be found 
either graphically or by means of mathematical formulae. The first 
method has the advantage that for any crank angle, aside from finding 
the values of the crank efforts, diagrams can be drawn for the main 
bearing and crosshead guide presssures, which enable us to obtain a 
clear idea about their variation in force and direction. The construc- 
tion of these diagrams will be shown later. 

Graphically the tangential crank efforts are found as follows : 

With the same scale for the stroke as was taken for drawing the 
piston pressure diagrams, draw in outlines the connecting rod and 
crank movements. Fig. 18. For any crank angle, as for instance, 50°, 
prolong the center line of connecting rod over the point 50° on the 
crank circle until it intersects the vertical axis of the latter, thus, find- 
ing point A5 connect A5 with O, and on this line carry up from O the 
ordinate representing the net resultant piston pressure in inner stroke 
of the diagram, at 50°; from the end point of the ordinate T5 draw a 
perpendicular on the horizontal axis of the crank circle, the distance 
from T5 to the latter axis, will be the tangential crank effort for the 
crank angle 50°. By repeating the foregoing proceeding for each 
division angle, the crank effort can be found for both strokes. 

In the above method, in finding the tangential crank efforts the loss 
of the net resultant piston pressures at the point of the crosshead was 
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lett out of consideration. The value of the latter loss is small and 
the error allowed is negligible for the consideration of the diagrams. 

The pressures on the crosshead guide are found from : Pc = P tan. 
)3, where: (see Fig. 18). 

Pc = pressure on crosshead guide. 

P = net resultant piston pressure. 

P = connecting rod angle at crosshead end. 

tan. P will be for a connecting rod ^^ 5x crank radius : 



0—0° 


tang. 


P 





.000 


a 100° 


tang. 


P 




.2008 


" — 10° 









.034 


" — 110° 








.1918 


" -20° 








.068 


" 120° 








.176 


" 30° 








.099 


" 130° 








.154 


" 40° 








.129 


" 140° 









.129 


"-50° 









.154 


" 150° 









.099 


" 60° 









.176 


" 160° 








.068 


" 70° 









.1918 


" - 170° 









.034 


" 80° 








.2008 


" - 180° 


( ( 







.000 


" 90° 








.203 














Fv^vV^ 



The largest value is at about 90°, and since at this point the net 
resultant piston pressures are not the highest, especially for the outer 
stroke, where they are but a few pounds, the crosshead guide pressures 
in the construction of the tangential crank effort diagrams are usually 
left out of consideration. 

Mathematically the tangential crank effort can be found by means 
of the formula which was given when discussing the inertia pressures. 

T = P -'— a~ the values for which for every 10° on crank 
cos p 

circle are given in table 6. 

-34- 



• 


■o 


J 




•1 


( 

E 




t 

« 


VM^ 


Vl^- 


, 




u. 

uJ 






.y 




J 


f '~ 


/^ 


1 




1 

; 1 






/ 




? / 


' 


/ 










/ 




iS 1 




/ 






J 


? / 


r 








/ 


• 


- 


>■ u 




1 




/ 




-4 

I 


» \ 






^ 1 


I 1 




. a 


1 


V 




ii 


'^\ 




— « 


1*1 

t 


i 




\ 




H / 


1;/ 


_i 


3 


N 




/ 








'C 


• 


-^ 


1 


s 


\ 


1 t- 





, 






— J 


_s 




^ 




A 










-l 




/ 


/ 


i 


\ 










^ 




f 




\ 








y 






1 




\ 








/ 


^P 

P 


* 


\ i 






\ 






»^t 


( -" 




c 


\ 


t 




\ 










1 


2l 


ii 


• "^ ic-*> 


'>r'i 




I 








N 


Ik 


J 


> 


X 


1 


1 


^ \ 
t ^ 






1 






/ 


\ :? 


' \ 


i 


9 ■ 


e 

; 
1 








1 


IS 


/ , 


J ^ 


\ 


A 








/ 


1 




/ 


* 

4. 


1 


\ 








/ 


^1 .i^ 


i 




\ 












1 "' ' ■ 


i 

5 




\ 


i! 










\ > 


1 


\ 


3 - 










\ 


\ 


* • 




1 5 






\ 
















V 


.• 




1 . 




\ 3 






\ 












\t ? 




! \ 


I 




/ 






^5 2 






• 




/ 


f 




4'' 






r 






11 




y 






I 


1 ? 










A 








\ 5 




1 






\ 




I 




\; 




/ 


jl 






\ 




— — 


t 


^^-i 








1 I'l 






/ 








•1 i i-*i'4 


^ 




2 








(VJ 









-35- 



Figs. 20, 26 and 32 show tangential crank effort diagrams for a 
tandem engine, and Figs. 23, 29 and 35, those for a twin tandem 
engine, for engines running on blast furnace, producer and natural 
gases. 

The curves for the tangential crank effort for twin tandem engines 
are obtained by drawing in two efforts curves of a tandem engine in 
such a manner that the corresponding points of the latter will be so 
many degrees apart, as the crank of one engine leads the crank of the 
other, usually 90°, as it is taken from the diagrams. By algebraic com- 
bination of the ordinates at any crank angle a resultant curve will be 
found which will represent the combined tangential effort for a twin 
tandem engine. The length of the diagram is the developed crank 
circle 2xRxt, for which any scale may be taken. The ordinates repre- 
sent the pressures for which the same scale as for the piston pressure 
is retained. 

It was mentioned before that at such points of the stroke where 
the net resultant piston pressures are negative, or at the end of a 
stroke where they have a comparatively high force, the inertia of the 
flywheel must act as an outside source in order to keep the engine in 
a continuous motion in the first case, and help to nullify the bad effect 
in the latter. The flywheel will, therefore, act as a kind of regulator. 
This regulation will take effect in the speed of the engine, making it 
more or less steadier during a revolution, depending upon the power of 
the flywheel inertia. This power will, therefore, depend upon the 
variation of the net effective piston pressure acting on the crank circle 
and the desirable, or required degree of steadiness, or fluctuation, in. 
speed of the engine. We see thus, that the net effective piston pres- 
sure acting on the crank circle which the tangential crank effort dia- 
grams represent, serves as a basis for determining the power of the fly- 
wheel inertia, and from the latter the weight of the flywheel. 

To attain a certain required degree of fluctuation in the speed of the 
engine, the regularity of the tangential crank effort, which varies 
greatly, depending upon the type of the engine, whether single acting, 
double acting, tandem or twin tandem, will, therefore, be the main 
factor in determining the weight of the flywheel. 

For purposes of ascertaining the weight of flywheels, the so called 
largest excess area in the tangential crank effort diagrams is used. 

This excess area is found in the following way : 

The area included by the curve. Fig. 19, and a line drawn from its 
lowest point of the length of the diagram, is transposed into a rectan- 
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gular figure, having as a base the above line. The line representing 
the height of the rectangle will then intersect the curve in such a 
manner, that the sum of the areas included partially by the latter and 
the line will be the same above and below it. In Fig. 19 we have 
areas above = .24 + 1.12 + .52 + .11 = 1.99, and below = .21 + 
.71 + .70 + .37 = 1.99 sq. in. 

The last mentioned line is called the mean effective torsion line, 
and the area of the rectangle A — B — C — D will represent the average 
effective work of the engine. The areas included by parts of the 
curve and the mean effective torsion line above or below the latter, 
will be the excess areas, representing the amount of work the flywheel 
has to give up by its inertia at the corresponding points. 

The largest excess area is taken into consideration for ascertaining 
the weight of the flywheel, which can be found by the use of the 

following formula: W R^ +Wi Ri^ = 1,000,000 "^^^""^ ^' 

where : W = weight of flywheel; 

R = radius of gyration of flywheel; 

Wi = weight of generator rotor, if direct connected to generator 

R = radius of gyration of rotor, if direct connected to generator 

HP = brake horsepower 

8 = the fluctuation degree of speed, flywheel fluctuation, to 
be used as fraction. 

Ft =4r X 100 in which : 

f = largest excess area in tangential effort diagram 

F = total area representing the average effective work of 
engine. 

N = r.p.m. of engine. 
The fluctuation degree -r- depemds upon the service the engine is 

to be used for. For gas engines it varies from -«- = y^ to ~7<if^ and 

smaller. 

The more steady running of an engine 16 required, the smaller the 

fraction ^ must be taken. A high degree of steadiness in the speed 
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of the engine is required in engines intended for electrical service, and 
especially for engines direct connected to A.C. generators operating in 
parallel. 

As is well known, for the generating of a uniformly steady alter- 
nating current, the period of time and the length of each alternation 
must be theoretically exactly the same. The alternation itself varies 
in force, therefore, is a curve, representing actually the sine curve, and 
since during one revolution a certain number of these alternations 
combine, the number depending upon the type of the generator, giving 
a current of certain strength, the combination is found to be the most 
effective, when they curve in exactly the same manner. This condi- 
tion is attained when a perfectly uniform motion is existing. 

In parallel operation the alternations must combine not only for one 
unit, but for a certain number of units, and therefore, the best effi- 
ciency for the strength of the resultant current will again be obtained, 
when the conditions for that purpose are fulfilled' in the same manner. 

Practically, however, in a reciprocating engine a perfectly uniform 
motion cannot be obtained and a certain displacement of the alterna- 
tions will always be the result. 

The variation of the speed, will therefore, be the main factor 
which will cause the displacement to be larger or smaller and especially 
at such times when the load of the engine changes much and with it 
the speed. Due to the latter conditions in the engine, and that the 
flywheel and the rotary part of the generator are placed on the crank- 
shaft at a distance from each other, the revolving inertia of the fly 
wheel and rotor will act in parallel planes at different radii, and with 
every pulsation in power or speed of the engine, the larger inertia of 
the flywheel will come out of step with the inertia of the generator 
rotor, and both by its shaking moment will cause a twisting of the 
crankshaft, and with it a displacement of the center lines of the fly 
wheel and rotor, with the result that a further increase in the devia- 
tion of the alternations will be added. 

In the design of the generators a certain displacement is taken into 
consideration, and its permissible limits are usually prescribed by the. 
manufacturer of the generators. 

These limits depend upon the type of the generator, i. e. upon the 
number of poles or the number of cycles. 

Table 9 gives these limits in angular degrees for some A.C. gener- 
ators. The values are to be taken as being the allowance of deviation 
in either direction, positive or negative. 
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Table 9. 



No. 

of 

Polei 


Permissible 

Displacement 

in Angular 

Degrees 


Per Cent. 

of 

Circumference 


No. 

of 

Pole* 


Permissible 

Displacement 

in Angular 

Degrees 


Per Cent. 

of 

Circumference 


2 


3.00 


.833 


22 


.27 


.075 


4 


1-.50 


.416 


24 


.25 


.064 


6 


1.00 


.277 


26 


.23 


.060 


8 


.75 


.208 


28 


.21 


.0595 


10 


.600 


.166 


30 


.20 


.0555 


12 


.500 


.139 


40 


.15 


.0415 


14 


.430 


.119 


50 


.12 


.0335 


16 


.375 


.104 


60 


.10 


.028 


18 


.333 


.092 


70 


.086 


.024 


20 


.300 


.0835 


80 


.075 


.9206 



From the table is to be seen that as the number of poles increases 
the permissible displacement decreases. 

The limits for the displacements are often given in electrical de- 
grees, as for instance, a deviation oi ± 2/4 electrical degrees. For 
transposing the latter into angular degrees, it is necessary to know the 
number of cycles per revolution or, the number of poles. 

The generator direct connected to the 32" x 42" engine, before 
mentioned, was given as having 25 cycles per second, and allowing a 
deviation of ± 2J4 electrical degrees, the latter value in angular de- 
grees will be found as follows : 

The r.p.m. of engine = 107, hence, the time per one revolution 

fiO 

= .56 seconds, and the number of cycles per one revolution = 



107 



360 



25 X .56 = 14. One cycle is performed in -rr- = 25.714 ; the devia- 



tion in angular degrees is then = db 



2.5 X 25.714 
360 



.1787' 
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The displacement is usually measured on the circumference of the 
rotary part of the generator or, on the circumference of the flywheel. 

In order to assure that the prescribed limits ior the displacement of 
the cycles are not overstepped not only at full loads of the engine, but 
also at lighter loads, a safety factor for the displacement is usually 
taken into account, however, so far only, as the variation in the speed 
is concerned. The possible increase in the displacement due to the 
action of the inertia of the flywheel and rotor on the crank shaft is 
prevented to some extent by allowing but a slight deflection (about 
.0015" to .002") and arranging the flywheel, rotor and the main bear- 
ings as compactly as a convenient attendance will allow. 

The safety factor for the displacement of the cycles will depend 
upon the variation in the speed of the engine, the required degree of 
uniformity of which, as we have seen, is attained by the chosen fluctu- 
ation of the flywheel, i. e. its weight, and the diagrams representing 
the variation of the speed, according to the allowed uniformity, serve 
for ascertaining the safety factor in a similar way, as the tangential 
crank effort diagrams were used for determining the weight of the 
flywheel, i. e. by using the greatest excess area in the diagrams. 

Figures 20, 26 and 32, show velocity diagrams for tandem, and 
Figures 24, 30 and 36, those for twin tandem engines, supposed to 
run on blast furnace, producer and natural gases. The construction 
of the curves is in each case similar, and they are found on basis of 
the following considerations : 

It was previously explained that the speed of the engine as ob- 
tained on the crank circle is influenced by the energy of the flywheel, 
and that the latter in time, is influenced by the excess areas in the tangen- 
tial crank effort diagrams, which represent the work the flywheel has 
to develop. This work is a product of pressures, forces, and paths or, 
speeds per minute, and consequently, the speed at any point of the 

crank circle may be found by i vdi, where : V is the speed depend- 
ing upon the curve of the tangential efforts, therefore, also upon their 
ordinates and dt the time, which is to be taken on the length of the 
diagram, since the latter is the developed crank circle. 

The solution of the integral cannot be made without knowing the 
nature of the curve, i. e. its equation expressing the law of its varia- 
tion, and as this cannot well be found, the solution is usually made 
graphically, and in an approximate way. The velocity curves were 
found in such a manner and as follows : (see Figure 20). 
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The excess area above and below the neutral line are considered 
as positive and negative, respectively, hence, also their ordinates at the 
corresponding crank angles. The division of the latter on the length 
of the diagram are taken to be dt, therefore, of the divided equal 
length. The integration, i. e. the addition, is made of the middle 
ordinates between two consecutive crank angles in the diagram and it 
can be commenced from any point. For the construction of the 
velocity curve. Figure 20, it was begun from 60°. The middle ordi- 
nate between 50° and 60°, measures — .02", this is laid off downward 
from a line N-N drawn below the tangential crank effort diagram. 
The middle ordinate between 60° and 70°, is = + .07", therefore, 
on ordinate 70° from the line N-N, + .05" is laid off upward. By 
proceeding in this manner the points of the velocity curve may be 
found at each advancing 10° of the crank angle. The ordinates are 
usually shown in a certain scale, since through the addition high 
values are obtained. In Figure 20 the ordinates are shown Yz of the 
found values. Care is essential, otherwise the end ordinates of the 
found curve will be of different heights, which will indicate an erior 
made in addition, and it will be necessary to go over again. 

The highest and lowest points of the curve will correspond to the 
maximum and minimum velocities, and they will always be at such 
points in the diagram where the greatest excess area in the tangential 
crank efforts diagram will have its end points. 

The excess areas in the velocity diagrams are found in a ^similar 
manner as was previously explained for the tangential crank effort 

diagrams. 

The safety factor for the displacement of the cycles may be ap- 
proximately found by means of the following formula : 

.p — ( W R2 + W iRi M X N^ 

H.P. X Ft X Fv X 416 X 1000,000.000 ' 
where ; ^ = number of cycles per revolution, 
W = weight of flywheel, 
Wi = weight of rotor, 
R '■^= radius of gyration of flywheel, 
Ri = radius of gyration of rotor, 
N ~— r.p.m. 
H.P. = brake horsepower maximum, 

(largest excess area in tangential crank effort 

■p _ £ diagram) 

F (total area of average work) 

f Oargest excess area in velocity diagram) 

' IT (total area of average velocity) 
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This formula gives the number of cycles, which the uniformity of 
speed attained by the combined weights of the flywheel and generator 
rotor (if direct connected) allows, by considering the permissible dis- 
placement only, for which an average value in the derivation of the 
formula was taken. The coefficient indicating the relation between 
the number of cycles found by means of the formula and the actual 
ones, will be the safety factor for the cycles, therefore, also for the 
displacement. Table 10 gives weights of flywheels and rotors for 
some sizes of engines built : 

Table 10. 



Tandem 



Size of engine 42"x54 

Weight of flywheel, in pounds 200000 

Diameter of flywheel, in feet 23 

Radius of gyration of flywheel, in feet.. 8.58 

Capacity of generator, K.W 2000 

Weight of rotor, in pounds 63000 

Radius of gyration of rotor, in feet 6.25 

For the 32" x 42" engine the coefficients of the greatest excess 
areas divided by the total areas were found to be in the diagrams for 
the crank efforts and velocities, as given in Table 11 : 

Table 11. 



Tandem 


Tandem 


32"x42" 


24"x32 


93000 


3759i) 


18 


13 


6.62 


4.166 


1000 


500 


30000 


23500 


4.166 


1.92 





CRANK EFFORT DIAGRAM 


VELOCITY DIAGRAM 






Twin 




Twin 




Tandem 


Tandem 


Tuidem 


Tiindem 


Blast furnace gas... 


.2155 


.1929 


.2448 


.2276 


Producer gas 


.2013 


.1674 


.2896 


.2285 


Natural gas 


.2027 


.1776 


.3145 


.2171 



Substituting the values for the 32" x 42" engine in the formula 
for the weight of the flywheel and the number of cycles, the fluctua- 
tion degree and the number of cycles will be obtained for the various 
cases as given in Table 12. 

. FLUCTUATION NO. OF CYCLES SAFETY FACTOR 

1 -win 1 win 1 win 

Tandem Tandem Tandem Tandem Tandem Tandem 

Blast furnace gas... 1-306 1-248 318 280 22.7 20 

Producer gas 1-302 1-262 268 295 19.15 20 

Natural Gas 1-284 1-232 227 275 16.2 19.65 
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The safety factors for the deviation of the cycles were found by 
dividing the number of the cycles as obtained by means of the formula 
by the actual number, as given for the generator, i. e. 14 cycles per 
revolution. 

The maximum and minimum crank pin velocities may be ascer- 
tained as follows : 

The flywheel fluctuation may be expressed « ^^ —\^ - 

V= average crank pin velocity. The equation can also be written : 
« X V = Vmax. — Vmin. Substituting the values for ^ and V for the 
32"x42" twin tandem engine, running on blast furnace gas, we will 
Vmax. — Vmin.= -^-r^ X 19.6 =. 07723 ft. per sec. 

In the velocity diagram Fig. 23, the relation between the ordinates 

of the maximum and minimum points of the velocity, measured from 

.975 
the mean effective torsion line is==^^^^; the maximum velocity will 

.0/0 

then be found : 

Vmax. = 19.6 + r ^g " ^^ 19.64563 ft. per sec. 

l.bo 

Vmin. = 19.6 ^ ^-. ^^ 19.5674 ft. per sec. 

l.bD 

Figs. 21, 24, 27, 30, 33 and 36, show displacement diagrams for 
the various cases discussed for the 32"x42" engine, as the displace- 
ment would vary according to the variation of the speed of the engine, 
the uniformity of which is attained by the fluctuation of the flywheel. 

The construction of the curves are in each case exactly the same 
and they are found in a similar manner from the velocity diagrams, as 
the latter were found from the tangential crank effort diagrams, i. e. 
by integration of the middle ordinates in the excess areas between two 
consecutive crank angles, measured from the neutral line. 

For the 32"x42 engine the actual displacement measured in angu- 
lar degrees will be found : 

The permissible deviation in angular degrees was previously ascer- 
tained as = it .1787°. The safety factor for this case was found to 

1787 
be ==^20, the actual displacement is then = ' ^ ■= it. 008935°, or, on 

the circumference of the flywheel ^/^rv ^= — ,005361 in. 

obO 
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From the results found by the investigation made for the 32"x42" 
engine, the conclusion may be drawn that the weight of the flywheel, 
its fluctuation, the degree of uniformity in the speed and the safety fac- 
tor for the amount of the deviation of cycles, will fully cover the de- 
mands of the electrical service of the engine when running either on 
blast furnace, producer or natural gases. 

Table 13 gives data assuring good working for a few other sizes of 
engines intended for similar electric service. 



Table 13. 



Tandem Tandem Tandem 

Size of engine 42"x5r 24"x 32" 24"x32" 

Kind of gas employed Blast Furnace Producer Producer 

Fluctuation due to weight of fly- 
wheel and rotor 1-260 1-256 1-298 

No. of cycles of generator and 

rotor per rev 18 24 24 

Coefficient of the greatest exces- 
sive area tangential crank eflfort .1078 .1175 .208 

Coefficient of the greatest exces- 
sive area velocity diagram .1338 .1392 .1903 

Safety factor for deviation of cy- 
cles 21 21.4 16.4 

Average crank pin velocity ft. 

per sec 19.625 20.93 20.93 

Maximum crank pin velocity ft. 
per sec 19.667 20.961 20.9637 

Minimum crank pin velocity ft. 
per sec 19.5918 20.812 20.8935 

Actual displacement for ± 2 V2 ° 
electrical degrees permissible de- 
viation angular degrees 00644° .0041° .0044° 
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DIAGRAMS FOR THE GAS BLOWING ENGINE. 

The gas engines direct connected to blowing cylinders are exclu- 
sively built of the twin tandem type with blowing cylinders arranged 
either in front or in rear of the engine. The first arrangement at 
the present time is mostly used in engines built of the larger sizes. 
The gas blowing engine under discussion is of such type. In addition 
it may be mentioned that the maximum quantity of air to be delivered 
for the blast furnace is 33000 cubic feet per minute at an 18 pounds 
minimum and 30 pounds maximum air pressure. 

The conditions under which the engine has to work are severe. 
It has to show a great adaptability to the variation in load and speed, 
assuring at the same time a safe and steady good running. Depending 
upon the necessities of the case, sometimes a high uniformity of the 
stream of air in pressure "and quantity is required and must be kept up 
for a long time and this can be maintained if the engine runs with a 
very small fluctuation in speed. From the investigation made and pre- 
viously discussed for the 32"x42" engine, we have seen how much 
the inertia of the reciprocating parts influences the uniformity of speed 
of the engine and with it the good running of the latter. With a gas 
engine direct connected to blowing cylinders, aside from the engine 
reciprocating parts, those of the blowing cylinder with its driving con- 
nections come into consideration. Usually, in order to eliminate any 
possibility of a break down of any parts o.f the engine, the stresses al- 
lowed are kept low and the parts made heavier than in ordinary cases. 
The weights of the reciprocating parts will come out correspond- 
ingly heavier, 50 to 60 per cent in total more than in a gas engine 
alone. By mean of the piston pressures, tangential crank efiort and 
velocity diagrams it is possible to obtain a clear idea about the work of 
the engine under different conditions, and on the basis of the results 
obtained to take the right measures in order to fulfill rhe requirements 
of a good running of the engine. 

The methods of laying out of the various diagrams in a general 
way are similar to those explained for the 32" x42" gas engine. 

The speed of the gas blowing engine was given to be : 20 the 
lowest, 75 normal and 90 revolutions per minute the highest. The 
diagrams are made for these three cases. 
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Fig. 38 shows the piston pressures diagrams for 90 revolutions per 
minute. The curves 1, 2, 3, and 4 are those corresponding to the gas 
indicator diagram (Fig. 8), i. e. to explosion and expansion, exhaust, 
suction and compression. Thev are drawn in the diagram in the same 
manner as it was shown for the 32" x42" engine (corresponding pis- 
ton pressure diagram Fig. 15). Line 5 represents loss due to friction. 
The curves 6 and 7 correspond to those of the air indicator card. The 
construction of the indicator diagram may be followed from Fig. 37. 
In this the curves for expansion and compression are constructed as 
adiabatics and in the same manner as it was shown for the expansion 
and compression of the gas indicator diagrams. 
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The Fig. 37 shows two indicator diagrams, one with 20 lbs. and 
the other with 30 lbs. air pressure. These two show the principle of 
working of the gas blowing engine, which may be understood from the 
following consideration : 
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Very often the pressure of the air to be delivered for the blast fur- 
nace has to be increased considerably above the normal air pressure. 
Such increase in pressure requires also a corresponding increase in the 
load of the engine. The gas engine, however, once designed for a 
certain capacity cannot allow any overload in a manner as it is possible 
in a steam engine. In consideration of this it seems that the gas 
engine could' not be well used for direct connection to blowing cylin- 
ders for such service which requires a variation in load. In the first 
stage of development of the gas blowing engines this difficulty was 
simply overcome by providing the gas engine with a sufficient capacity 
as to suit the emergency in the increased maximum load, and in the 
ordinary cases let it work with about half of its capacity. Since the 
gas engine had to work with its maximum capacity only occasionally, 
it is apparent that the work was not a very economical one; the con- 
sumption of gas, as the experience shows, was about lyi times as 
much as the engine would run with its maximum capacity contifiuously . 

This was well recognized, and the later designs of the gas blowing 
engines were made on more economical basis, by using the volumetric 
air regulation, which permits keeping the load of the engine constant 
or near constant, (in the latter case allowing not more than 20^ over- 
load) and still allowing an increase of the air pressure up to twice of 
the normal, if required. 

The methods employed by volumetric air regulation giving good 
results and used in designing may be mentioned the following : 

(1) A part of the air admitted during the suction is let out free 
at the beginning of the compression ; 

(2) The delivery valves are made to close before the end of the 
suction stroke ; 

(3) By throttling the air, the higher pressures are secured as the 
throttling is decreased ; 

(4) By changing the clearance space, in which case the M. E. P. 
of the indicator cards is increased or decreased from the normal ; 

(5) On one end of the blowing cylinder so much air is let out 
free, by having a mechanically operated relief valve, as to obtain by the 
increased air pressure a constant load on the engine. 

Each of these methods will give different appearing indicator cards, 
anci for the laying, out of the diagrams the method employed of reg- 
ulating the air must be considered. For the gas blowing engine un- 
der discussion, method 5 is the one used. The M. E. P. of the in- 
creased air pressure card is such that the work of three ends of the 
twin engine is about equal to four normal air indicator cards, thus 
leaving out one end entirely of work. 
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The curves 8, piston pressure diagram Fig. 38, are obtained by de- 
ducting all the negative pressures including the air pressures. Curves 
9 are the inertia pressures due to the reciprocating parts. The values 
of the curve 9 for the different crank angles were ascertained by using 
the formula given on page 23. This formula as it was previously ex- 
plained, enables one to obtain more exact results by considering the 
swinging motion of the connecting rod. The values obtained are the 
tangential crank effort, from which by using data given in table 3 the 
piston pressures may be found and the curve constructed in the piston 
pressure diagram. 

Table 14 gives the weight of the reciprocating parts for the gas 
blowing engine and in addition data necessary when using the formula. 

Table 14. 

Weight of gas engine reciprocating parts without 

connecting rod •. P = 39150 lbs. 

Weight of blowing cylinder parts with drive con- 
nections P^ 18325 lbs. 

Weight of connecting rod G= 13259 lbs. 

Weight of crank and pin with balance weight W= 24400 lbs. 

Center of gravity of crank and balance weight s = 11.2 in. 

Center of gravity of connecting rod s = 88.3 in 

Length of connecting rod L = 135 in. 

Radius of gyration of connecting rod k = 109.4 in. 

Angular velocities e ^= 1.388— 90 rev. 

e = .965 — 75 rev. 
e = .0688-20 rev. 

Crank radius r = 27 in. 

Acceleration of gravity g =^ 32. 1 

Effective piston area = 1416.6 sq. in. 

Substituting the values given above in the formula : 



T= r 



((P+G)|^-G^)sin2a- 



((P+«)^^-«4wO''^^ + iTK^'+^ 



(^-^=0 



cos a. 
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and taking the factors of a per sq. in. of the effective gas piston area, 
the following equations for the different speeds will be found : 

T = 136.7 sin 2 a — 13.68 sin a + 41.05 sin 3 a — 1.03 cos o — 

90 rev. 
T = 95.05 sin 2 a — 9.51 sin o + 28.54 sin 3 o — j .03 cos o — 

75 rev. 
T = 6.77 sin 2 a — .678 sin a + 2-03 sin 3 a — 1.03 cos a — 

20 rev. 

By using the trigonometrical functions of a as given in Table 5, the 
tangential efforts due to reciprocating parts for each advancing 10° of 
crank angle were found for the three speeds. From the latter values and 
use of Table 6, the corresponding pressures on the piston were ascer- 
tained and the inertia curves drawn in the respective piston pressures 
diagrams Figs. 38, 39 and 40. 

The curves 10, diagram Fig. 38, show the net effective piston 
pressures as found by algebraic combination of curves 8 and 9. 
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Figs. 39 and 40 show the piston pressure diagrams for 75 and 20 
revolutions respectively. The curves 1 are the same as the curves 8 
in diagram Fig. 38, and curves 2 are the corresponding inertia pressures. 
Curves 3 are the net effective piston pressures. 

Comparing the net effective piston pressures for the three speeds, 
we see that the greatest variation in. direction and in force occurs, as 
it could be expected, at the speed of the engine of 90 revolutions* 
For the acceleration of the reciprocating parts the gas pressures are 
here not sufficient to a great extent, and the work to be given up by 
the fly-wheel inertia must be here the greatest. In order to assure a 
good running of the engine also in this case, the fly-wheel will have to 
be figured for its weight and fluctuation required in accordance of the 
results obtained from the diagrams for above speed. 

The inclination of the curve 10, Fig. 38, when crossing the zero 
line and at the end of strokes, is the sharpest also in this case. This 
means, that at this point the forces acting in the connecting rod will 
change its direction i. e., will go over from tension to compression 
more suddenly, causing a sharp shock. By having sufficiently strong 
pins and the right adjustment in the sitells of the connecting rod pins, 
the effect of the shock may be to some extent overcome. 

As it was previously explained for the figuring out the weight of the 
fly-wheel the greatest excess area in the tangential crank effort dia- 
grams is used. Figs. 41, 42, 44 and 45 show tangential crank effort 
diagrams for twin tandem engines for the three speeds of the engine 
and are found in a similar way as it was shown for the 32''x42'' engine. 
From the diagrams the meaning of each curve may be easily understood. 

The greatest excess areas and the velocity curve Fig. 43 were also 
found in the same manner as it was previously shown. The ratio of 
the greatest excess to to:al area representing the average effective 
work of the engine, is found to be the largest in diagram. Fig. 42 for 
90 revolutions, =.3349. The diameter of the fly-whel is taken 23 feet 
and its weight = 200,000 lbs. The fly-wheel fluctuation for this case 
will be, when using the formula given before and with a radius of gyra- 
tion of the fly-wheel == 8. 58 feet. 

g^ 200,000 X 8.58^ X 90^ ^ 

1000,000 X 100 X , .3349 X 3750 

This fluctuation, though a large one, still will assure a compara- 
tively good running of the engine. The engine will not often run 
with its maximum speed, ordinarily the speed will be 60 - 75 revolu- 
tions, and at this speed, as it may be seen from the diagrams, the fluc- 
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tuation will be a great deal smaller, thus assuring a uniformity of speed 
fully covering the demands of the service of the engine. 

It may be of interest to find the maximum and minimum speeds of 
the crank pin at the speed of 90 r. p. m., and how much the deviation 
will be from the average speed. To ascertain this the velocity diagram 
has to be used. 

The average velocity is = ^^ = 21. 175 ft. sec. 

bu 

V max.— V min.=21 .175 X 1/85 A= .227 ft. 

V max.=21 .175+ '^^^ ^ ^ ' "^ =21 .30 ft. per sec. 

.247 X 1 . 1 

V min. = 21 .175 — ' ^ — — =21 .064 ft. per sec. 

When the engine runs with its lowest speed at 20 r. p. m., it 
must still be able to develop sufficient power to run the blowing 
cylinders. The piston pressure diagram Fig. 40 shows that the 
positive pressures remain so during a part of the stroke at which the 
area included by the positive portion is larger than that of the nega- 
tive, indicating that there will be an excess in power. From the tan- 
gential effort diagram Fig. 45, the same conclusion may be drawn. 
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DIAGRAMS FOR MAIN BEARING AND CROSSHEAD 

GUIDE PRESSURES. 

Figures 46 and 47 show diagrams for main bearing pressures, for 
inner and outer strokes. The radial lines indicate the direction of the 
pressures acting and the points of the curves show the variation, 
during one revolution. As it may be seen there is no pressure acting 
upward, indicating that no pressures will act on the bearing cap; they 
will be confined only as acting on the lower shell. 

The different points of the curves for each advancing 10° of crank 
circle were found in the following way : 

The pressures acting on the main bearing are composed of, first, 
the constant pressure due to weights of the crank shaft and fly-wheel, 
and second, the variable portion of the piston pressure. 

The weight of fly-wheel is = 200,000 lbs. Weight of shaft with 
cranks = 97300 lbs. The total weights are then = 297300 lbs. This 

weight taken per square inch of effective piston area of the gas 
cylinder = ^^^ ^ = 210 lbs. or on each bearing 105 lbs. 

The piston pressure for the normal speed of the engine 75 revolu- 
tions, Fig. 42 was used. The outlines of the connecting rod and 
crank were then drawn. The main bearing pressure, for instance, 
at a crank angle 70° was found by constructing the pressure parallelo- 
gram. Fig. 49. Po is the piston pressure at the point 70° in diagram 
Fig. 39, forward stroke, as acting in the direction of the connecting 
rod inclination; W is the constant weight pressure downward; and Pb is 
the resultant pressure acting on the main bearing, giving at the same 
time the direction of action. The results were then reconstructed in 
a larger scale in Fig. 46. By repeating the foregoing proceeding the 
different values of the crank angle were fonnd. The maximum 
pressure is thus found to be 133 lbs. per sq. in., of ga3 piston area at 
120^ crank angle in forward stroke, and 153 lbs. at 20° in backward 
stroke. 

Fig. 48 shows the pressure on the crosshead guide for inner and 
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outer strokes. The values of the curves at any crank angle were 
found by using the piston pressure diagram, Fig. 39j and constructing 
the parallelogram of pressures at the corresponding points of the piston 
stroke. From Fig. 48, the construction of the points of the curves 
may be easily understood. Mathematically the crosshead guide press* 
ure may be found by using the data given in table 7, and as previously 
explained. 
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DIAGRAMS FOR SINGLE ACTING GAS ENGINES. 

Figures 50, 51, and 52 show piston pressure, tangential crank effort 
and velocity diagrams for a single acting, single cylinder gas engine, 
and Figs. 53, 54, and 55 show similar diagrams for a twin single acting 
engine. 

Figures 56 to 62 are diagrams of ''slide pressure on cylinder and 
pressures on main bearing. The number of revolutions per minute oi 
these engines is 180, and the weight of the unbalanced portion of the 
reciprocating parts is =3 .1 lbs. per sq. in. of effective piston area. 
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DERIVATION OF FORMULA FOR FLYWHEEL AND 

SAFETY DEGREE. FOR CYCLE DEVIATION FOR 

ENGINES DIRECT CONNECTED TO 

A. C. GENERATORS. 

FLYWHEEL FORMULA. 

As it was previously explained the largest excess area in the tan- 
gential crank effort diagram represents the amount of work which the 
fly-wheel has to develop by its inertia or, by its kinetic energy. This 

W V2 
force can be expressed by the equation : — ^ , where : 

W = the mass of the fly-wheel, supposed to be concentrated on 
its radius of gyration ; 

V = circumferential velocity of fly-wheel on radius of gyration ; 

g = 32 .1 acceleration due to gravity. 

Since the kinetic energy as measured by the excess area, repre- 
sents a certain portion of the work of the engine, the following equa- 
tion may be written : 

WV^ HP X 33000 ,, ^ , ... 

—^ — = ^^^^ X Ft where: (1) 

2g N 

HP = brake horsepower. 

N = r. p. m. of engine. 

Ft = ~^ — = proportion between the excess area f and the total 

area F in the tangential crank effort diagram. 
The circumferential velocity V is not uniform during a revolution, 
therefore, the equation for the live force has to be expressed : 

W 

~P — X (V max. — Vmin.)^ , or, since (Vmax. — V min.)= 

(V max. + V min.) X (V max. — Vmin.), 

W 

we may write :-p, — X (V max. + V. min.) (V max. — V min.) 

2g 

^1 1 • TT . TT (Vmax. + V. min), 
1 he average velocity V is = V = ^ 

or 2V = V max. + V min. (a) 
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The fluctuation of a fly-wheel is expressed by the equation : 
1 V max. — V. min.jor 1 



S 



XV = Vmax.— Vmin. (b) 



The average circumferential velocity V =• ~~c(\ (^^ 

Substituting the values found in the equations a, b, and c, in the 
equation 1, we obtain : 

W 1 W 1 W 1 

2g 6 g 6 ,g 6 

22 X R2 X 7r2 X N2 HP X 33000 ^, ^ 

zz= X r T 

602 N 

Solving the above equation for WR^ , we obtain : 

.x.p2- HPx8xFt X 33000X 3600X32 q^ ^^^ ^^ hpn/;5vf 
WR2 __^______^__-._ =96,780,000 xJ^Z^iMl 



N 



3 



The coefficient Ft = — ^~ will always be a fraction, and using this 

value in per cent, i. c., multiplying it with 100, and making the 

numerical coefficient a round figure, the final form of the formula will 

be obtained : 

HP X 8 X Ft 
WR2 = 1,000,000 X ^^^"^-3-^^-- 



The fluctuation of the fly-wheel may be easily found from the 
above formula : 

WR2 X N3 



8 = 



1000,000 X HP X Ft 



When a generator is direct connected to the engine, the product 
WR2 has to contain also the weight of the generator rotor, i. e. 

WR2= (WR2 + W.R.2) 
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FORMULA FOR SAFETY DEGREE OF CYCLE 

DEVIATION. 

It was previously explained that the cycle deviation depends upon 
the variation of the crank pin velocity (hence also upon the fly-wheel 
fluctuation) and that the diagram for the deviation is found by inte- 
gration of the velocity curve. In the velocity diagram, (see any F'g.), 
the length of the latter represents the time during which the period of 
variation of the velocity is performed, i. e., one revolution. The ordi- 
nates of the curve (velocity) show its variation. We may therefore, 
write the relation : y 

(V max. — V min.) t : j vdt. =^ Fi : fi , where : 

V = velocity ; 

t = time for one revolution ; 

Fi = total area in velocity diagram ; 

fH It (« 

1 =^ excess area ; 

From the above proportion follows : 

v4t = (V. max. — V. min.) t X Ji- (1) 



/' 



fi 
For V max. — V min. we may write : V max. — V min =~g"V 

and for t = -tt-^ , where : 

N 

i 

fluctuation of flywheel ; 



6 

N = R. P. M. of engine. 

Substituting the found values for V max. — V min., and S and 

. . , ., 2 X RX TT X N . , . , , . 

writmg for V = ^ in the equation 1, we obtam ; 

. ., 1 60 ^ Fi 2 X R X^XN ^60 ^1 ^ Fi 
vdt^V-g-— X^= :60 ^-N-^-^-U^'' 

vdt = -g- X 2 X R X ^ X -y- ; or, since 2 X R X ^ = 360° 

vdt = -^ X360°X-|— (2) 

From the velocity diagram we may approximately, use the pro- 
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:(/vd,)-/ 



portion:! | vdt | : ( vdt = 360° : 2 X R X t, from which we 
obtain : 



(J-) 



fydtxsm^ r i80_ ^„j 

2XRX'r ^ RXt 



(/-) 



• 



^^^ X-|-X-4^X-XR.=360X-4-X ^^ 



180 S fi '^ ^^*^ ^^^^^ 8 fj 



By assuming that the average allowable displacement is A = -5— » 

when P =^ number of poles, or, by using the number of alternations 

. . 10 X N ' u • u u r 1 

per mmute A , A = r' — , or, when usmg the number of cycles 

^ per min., the average displacement given as allowable, will be = A = 

10 X N 
120 X 'A 



, which value may be expressed as equal I I vdt I hence. 



al (jvdt) 



N 1 Fi 

^o , = 360 X — s — X — ; — , from which follows when solving the 
12 ^A ^ fi ' 

equation for ^ 

^ = ^Yf ^^^ ^~¥~ ^^^ 

When deriving the fly-wheel formula it was found : 

,„„, HP X 8^ f v- 33000 X 3 600 X 32 , . • ■ , i. 

WR^ = — TT^ — X — i;— X . ^ . „ ., ., from which follows : 

N^ F 4X3. 14^ 

g^ WR^X 4 X 3.14'X N3 F 
HP X 33000 X 32 X 3600 ^ f ' 

and we may write the equation : 

12<A X 360 ^ fi _ WR' X 4 X 3. W X N^ ^ F 



N Fi HP X 33000 X 32 X 3600 f 

Solving this equation for WR^ , we obtain : 
Txro2 12J' X 360 ^ fi •, HP X 33000 X 3600 X 32 ,, f 

Vv K^ = ~z X —;^ — X . . . o ^ .0 X 



N^ Fi ^ 4 X 3.142 '^ F 

and by making a round figure of the numerical coefficient, we will 

HP f f 

obtain : WR^ = -^ X— ^X -p— X f X 416000000000 

W b Fi 
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From which equation the number of cycles can then be easily found : 

^ HP X 416 X 10" ^ fr f. 



When a generator is direct connected to the engine, the value WR^' 
has to contain also the weight of the generator rotor, i. e., 

WR2 -^ WR2 + W.R.2 
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